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(57) ABSTRACT 

A blood pump is provided which comprises a cross-flow 
pump head having an elongated generally cylindrical hous- 
ing portion. The housing portion defines a blood inlet port on 
a surface thereof and a blood outlet port on an opposite 
surface thereof. An impeller within the housing portion 
provides cross- flow of the blood from the inlet port around 
and/or across the rotational axis of the impeller to the outlet, 
and a motor is provided for driving the cross-flow pump 
head. The blood pump may be small enough to permit 
percutaneous insertion of the pump into a patient's blood 
vessel, and thus may be utilizable as a left ventricular assist 
device. To this end, a coUapsible polymeric outflow tube is 
coupled to the blood flow outlet and is adapted for directing 
the blood from the left ventricle to the aorta through the 
aortic valve. 

10 Claims, 4 Drawing Sheets 
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BLOOD PUMP USING CROSS-FLOW The Hemopump and expandable pumps have constramed 

PRINCIPLES puniP design by dictating that the inlet area must be located 

in a plane perpendicular to the axis of rotation. 

FIELD OF THE INVENTION Consequently, an increase in the inlet area will also increase 

The present invention concerns a novel blood pump, and 5 ^^it diameter of the pump, 

more particularly, a blood pump that may be suitable as a ^ therefore, an object of the present invention to 

ventricular assist device. achieve the benefits of a large inlet area without the neces- 

BACKGROUND OF THE INVENTION «ty for enlaiging the inlet diameter or making the blood 

. , , - „ 10 pump expandable. 

Thousands of patients suffer cardiogemc shock followmg ^ ^^^^^^^ .^^^^^^^ p^^^.^^ ^ 

heart attacks or open heart surgery. These paUents may ^^^^^^ j^^i^ .^i^es low inlet and outlet losses while 

benefit from mechanical circulatoi^ support with a mmi- J ^ ^^^^ ^^^^^^^ ^-.^^^^ ^^e need for an 
mum output of 3 liters per minute. Many patients need 

, . * ^ 4'^„ . expandable mecnanism. 

temporary cardiac support dunng emergency transportation 15 ... 

^ I , A still further object of the present mventionis to provide 

in an ambulance. , . , , , . , 

. . . . u • 1 u^r.^ .c^i^f a blood pump that obviates the problems discussed above 

The need for a minimally invasive mechanical heart assist yuixy . , , 

/ V J . . that are concern tant with pnor art blood pumps, 

device has long been recognized. An ideal device would (1) * ^ • j . 1 . 

have a cross-section of 12 French or less so that it could be A further object of the invention is to provide a blood 

adapted for insertion via a peripheral artery, such as the pump having a 3 liter per minute or greater flow and having 

femoral artery (2) function intra-arterially and be inserted by a diameter that is small enough to permit percutaneous 

a cardiologist without support from a surgeon and, (3) be insertion of the pump into a patient's blood vessel, 

capable of providing at least 3 liters per minute of flow at Another object of the invention is to provide a blood 

systemic pressures without a contribution from the native 25 pump that is relatively simple in construction and relatively 

left ventricle. The intra-aortic balloon pump (lABP) has easy to manufacture. 

been used for years and is the industry standard because it Oihcr objects and advantages of the present invention will 

is easy to insert and does not require surgery. It is readily become apparent as the description proceeds, 
inserted into the femoral artery by the cardiologist, but it has 

limited pumping capacity and can only be used for a patient SUMMARY OF THE INVENTION 

who has some residual cardiac function. The flow of the Cross-flow principles have been used in cross-flow air 

lABP is limited to approximately L5 liters per minute to 2.0 ^^^^^^^ j have discovered that cross-flow air blower prin- 

liters per minute and is dependent upon synchromzation effectively for a blood pump head, 

with a left ventricle which must have some residual function. 35 ^^^^^^^.^^ ^^e present invention, a blood pump is 

There have been efforts to provide a temporary, mmimaUy .^^^ ^^.^^ comprises a pump head having a cross-flow 

invasive pump for patients which require more cardiac ^^j^gg^^^tioj, ^ ^ed herein, a "cross-flow configuration" 

output than can be provided by an lABP. The Hemopump is ^^^^^^ ^ ^ ^^^^ .^^^^ ^ ^^^^^ ^ ^-^^ the 

an axial flow blood pump which meets the criteria for blood ^^^^^^ ^ ^^^^^^ ^ ^^^^^^ 

flow (approximately 5 liters per minute) but it is too large ^^^^ .^^^^ ^^^^^^ ^^^^ ^^^^^^ ^^^^^^ 

(14 to 22 French) for easy in^rtion by a cardiologist. ^^,,3, ^j^e rotational axis of an impeller within the housing. 

Although smaller versions of the Hemopump could be built, ^^^^^^^ .^^^^ ^^^^^^ ^ preferably but 

physics limits the flow because as the pump becomes ^^^^ ^,^,^^3^^ in a direction that is generally perpendicular 

smaller, the inlet area decreases. Losses m the pump mcrease 45 ,^,^,ion^i axis of the impeller, 

in a rapid, non-linear manner as the inlet area decreases. To , r 

ompensam for these rapidly increasing losses, the rotor ^ the .llustralive embodtment of the present tnventKm 

speed rriust be increased exponerttially. Although adequate the blood pump head has ari elongated hot.sm^^^^^^^^^ 

flow may be achieved, hemolysis increases to unacceptable housing portton defines a blood mlet port on a st^face 
now may uo a^iu.. , jr "^50 thereof and a blood outlet port on a surface thereof. An 

, , ^ , , J, u • i^fKo„i impeller is located within the housing portion for providing 

Thus the engu,eer faces theoretrcal and t-hmcd difficuK P ^^^^ ^ ^^^^^ 

ties ,0 make a traditional propeller P-;>P J ""^^^f ^ motor is provided for driving the cross-flow pump head. 

pump with the diameter less than 4.0 mm and a flow ot at ^ ^ . .u ui ^ • i * * tK. 

Lst'ntersperminute.Onewaytocircumventthephysical ss In the illustrative embodiment, the Wood inlet pon^^^^^^^ 

limitations imposed by a decreasing inlet area is to make the blood outlet port have rectangular configurations^ TJe Wood 

pump expandable. In this way, inlet losses and shaft speed inlet port is larger than the blood outlet port and the blood 

can be minimized since large areas can be achieved after the inlet port and blood outlet ports are defined on opposite 

pump is inserted. Cable driven axial flow blood pumps have surfaces. 

been described which use a hinged propeller that deploys In the illustrative embodiment, the housing portion is 

after insertion into the arterial system. However, hemolysis generally cylindrical and the blood inlet port defines an arc 

has limited the adaptation of this concept as a clinical between 80' and 180' and the blood outlet port defines an 

device. Other concepts for punips that expand or deploy arc less than 80'. The impefler has an axial length that is at 
after insertion have been proposed. However, these minia- gs least 2 times its diameter and the impeller has blades which 

ture expandable pumps are challenging to manufacture and rotate tangentially to the cylindrical planes fliat define the 

reliable mechanisms may be difficult to achieve. inlet and outlet ports. 
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In one embodiment, the impeller comprises a squirrel FIG. 5f) is a perspective view of an impeUer constructed 

cage configuration. The impeller has a plurality of blades in accordance with another embodiment of the present 

having a forward angle from 0** to 80° and a pair of axially invention. 

spaced shrouds. The axial ends of the blades are attached to FIG. 5c is a perspective view of an impeller constructed 

the axially spaced shrouds. ^ accordance with a further embodiment of the present 

In that embodiment, the impeller has coaxial shafts ^^'^JfJ^*^^' . - c u mn 

r .t. I A FIG. 6 IS a perspective view of a pump housing con- 

extendine outwardly from the shrouds. Beanngs are pro- ^ ^ ^ • • i r»rpcpnt 

, J . structed m accordance with the pnnciples of the present 

vided for supportmg the coaxial shafts within the housing. A j^ygjujon 

wiper comprising either a ridge or a groove on an outside 10 ^°^J^ ^ • . , . r i. • ^ 

V r L ^ • -A Ai -/ir. rv^^,nno the hinnri FIG- 7 Is a cross-sccUonal view of the housing and one 

surface of a shroud is provided to aid in moving the blood i, ui ^ r ui j f uir-Q -X-*; 

around a shaft, to minimize the likelihood of thrombus ^orm of impeller blades of the blood pump of FIGS. 3-6 

, . .^^ FIG. 8 is a cross-sectional view of the housing and 

. ' , J. , J p ■ n ,™™^ci,r^,,^o anotherformof impeller blades of the blood pump of FIGS. 
In another embodiment, instead of axially spaced shrouds, 15 

one shroud is located intermediate of the blades. In a further 

embodiment, one shroud is located only on one end of the DETAILED DESCRIPTION OF THE 
blades. In one embodiment, the impeller shaft is magneti- ILLUSTRAOVE EMBODIMENT 
cally coupled to the motor. In another embodiment, the Referring to FIG. 1, a blood pump 10 is shown therein 
motor is coupled to the impeller shaft via a flexible shaft and 20 within a patient's left ventricle 12 aad aorta 14. Blood pump 
the motor is an air motor. 10 comprises a generally cylindrical pump head 16, mag- 
In one embodiment, the blood pump has an outer dimen- netic coupling 18, a motor 20 that is either air driven or 
sion that is small enough to permit percutaneous insertion of electrically driven, and a drive Une 22 that is an air driven 
the pump into a patient's blood vessel. A collapsible poly- ^5 line for an air driven motor or is an electric line for an 
meric outflow tube is provided and is coupled to the blood electricaUy driven motor. Pump head 16 is small enough to 
flow outlet of the pump and is adapted for directing the be insertable into a patient's artery, with head 16 having a 
blood from the left ventricle of the patient to the aorta diameter of between 3 French and 12 French. As a specific 
through the aortic valve. example although no limitation is intended, it is preferred 
In accordance with the present invention, a method is that the diameter of pump head 16 be about 10-12 French 
provided for pumping blood. The method compnses the and that the length be about one inch, 
steps of providing a cross-flow pump head having an elon- In FIG. 1, both pump head 16 and motor 20 are located 
gated housing portion defining a blood inlet port on a surface within the patient's left ventricle. Referrmg now to BG. la. 
thereof and a blood outlet port on a surface thereof; provid- 35 another form of the invention is shown in which the pump 
ing an 'impeller within said housing portion for providing headl6islocated within the patient's left ventricle while the 
cross-flow of the blood from the inlet port to the outlet port; motor 20 is located in the patient's aorta. In FIG. la pump 
and driving the cross-flow pump head with a motor to rotate head 16 is coupled to motor 20 by means of a flexible shaft 
the impefler and accelerate the blood from the inlet port 21 surrounded by shaft jacket 23 and magnetic couplmg 18. 
within the housing portion. One of the benefits of using flexible-driven shaft 21 and 
A more detailed explanation of the invention is provided locating the motor 20 outside of the ventricle is that it 
in the following description and claims, and is illustrated in Permits pump head 16 to be increased in length. In contrast 
. J . to prior art blood pumps, m which greater output generally 
the accompanying drawings. 1 /. • r u • 

45 required greater radial dimension of the pump, by using a 

BRIEF DESCRIPTION OF THE DRAWING cross-flow pump in accordance with the present invention in 

order to achieve greater output, the length of the impeller 

FIG. 1 is a diagrammatic view of a blood pump con- ^^^^^^ increased and the need to provide a greater 

structed in accordance with the principles of the present ^^^^^ dimension is obviated. 

invention, with its drive motor located inside the left ven- ^ ^^^^^ ^^^^ ^^^^^^^ a collapsible polymeric 

tncle of a patient. diffuser tube 24 is connected to the ouflet 26 of pump head 

FIG. la is a diagrammatic view of a blood pump con- guiding the blood from the pump. The collapsible 

structed in accordance with another form of the present diffuser tube 24 attaches to the wafl of the housing discharge 

invention, with its drive motor located inside the aorta of a opening 26. The diffuser tube 24 is of a sufBcient length to 

patient. transport blood from the left ventricle into the supravalvular 

FIG. 2 is a diagrammatic view of a blood pump con- ^Q^jg jj^g cross-sectional area of the collapsible diffuser 

structed in accordance with the principles of the present tube 24 increases gradually as illustrated in FIG. 2, and can 

invention. be much larger than the initial diameter of the pump, which 

FIG. 3 is a perspective view of the head of a blood pump 60 may be only 4.0 mm. 

constructed in accordance with the principles of the present As fllustrated in FIG. 1, diffuser tube 24 extends into the 

invention. aorta through the aortic valve 28. When the heart is 

FIG. 4 is an exploded view of the pump head of FIG. 3. pumping, the aortic valve 28 will be closed on the outside of 

HG. 5a is a perspective view of an impeller constructed 55 cJiff^ser tube 24, preventing backward flow, 

in accordance with one embodiment of the present inven- The pump head 16 is shown in more detail in FIG. 3. 

j-Qj^ Referring to FIG. 3, the pump head comprises an elongated 


07/06/2004, EAST Version: 1.4.1 


us 6,217,541 Bl 

5 6 

generally cylindrical housing 32 and forms a cross-flow guiding catheter, so that the pump is positioned in the 

pump. To this end, pump housing 32 defines an inlet port 28 patient's left ventricle as iUustrated in HG. 1. The catheter 

and an outlet port 30, both of which are preferably rectan- is then removed and line 22 is coupled to a suitable source 

eular in shape. The inlet port 28 is substantiaUy larger than of air or current, depending on whether an air motor or 
The ouUet port 30. Although no limitation is intended, as an ' electric motor is utilized. Blood enters the pump as shown 

example the inlet port covers an arc on the pump head 16 of by the arrow 52 in FIG. 1, through the cross-flow pump and 

from 80° to 180° and the outlet port covers an arc of less than through the tube 24 as indicated by arrows 54, to eat from 

the ouUet 56 (FIG. 2) of diffuser tube 24 in the aorta. The 
Referring to FIG. 4, which is an exploded view of the lo ^^^^^ pumping of the blood will enable the soft, collapsed 

pump head 16 of FIG. 3, it can be seen that the pump diff-" tube 24 ^expand to its fully opened characteristic 

housing 32 also defines an opening 34 which permits blood as illustrated m FIGS. 1 and 2. 

to flow into the gap of a sUding bearing to lubricate the Alternatively, in using the blood pump of the present 

bearing. As illustrated in FIG. 4, the inlet opening 28 is on invention, the cross-flow pump with its collapsed diffuser 

the opposite surface from outlet port 30, although other tube are introduced through the femoral artery without using 

configurations may be acceptable. a guiding catheter . , .„ 

Within the pump head housing 32 there is provided an It can be seen that a novel blood pump has been illustrated 

impeller 36 which includes a pair of spaced shrouds 38, 40 and described for prondmg low inlet and out et los^s while 
and impeller blades 42 which extend axially and are con- 20 mamtammg a small diameter and without requiring an 

nected at their ends to the insides of shrouds 38 and 40. expandable mechanism. ^ u ■ ■ u 

Coaxial shafts 44 extend from the ends of shrouds 38 and 40 Although illustrative embodiments of the mvention have 

and a pair of composite sliding bearings 46 are provided for been shown and described, it is to be understood that various 

radial and axial support of the impeller. Coaxial shafts 44 modifications and substitutions niay be made by those 

may be a single, unitary shaft if desired, extending axially skilled in the art without departmg from the novel spirit and 

through the center of the impeller. A pump cover 48 is scope of the present invenUon. 

provided. The impeller blades 42 extend at a forward angle What is claimed is: • , 

proviocu. iiK iiiip ^ ^ method for pumpmg blood, which comprises the 

which may range from 0 to 80 . ^ 

Mother View Of the impeller 36 is iUustrat^ m 30 '"'^^^^ ^^^^ ^ ^^^^ 

Referring to FIG. 5, it can be seen that a wxper 50 is provided V^o^^^^g ^ ^ ^^J^ .^P^ ^ ^^^^^^ ^^^^^^^ 

on the impeller shroud 38. The wiper may be a single groove ^ ^^^^^ ^^^^^^ ^ ^^^^^^ 

or a single ridge on the side of the shroud. When the impeller p^^^i^ing an impeller, having impeller blades which 

rotates, radial blood movement is produced in the gap ^^^^^ ^^^^^ ^ rotational axis, within said housing 

between the shroud 38 and the housing 32. The blood will intermediate said blood inlet port and said blood outlet 

be washed around the shaft 44 to minimize the likelihood of ^^^^ providing radial blood movement from said 

thrombus deposition. inlet port, through the impeller blades and across said 

Another form of the impeller 36 is illustrated in FIG. Sb. rotational axis to the outlet port; 

In this form of the invention, a single shroud 40 is utiUzed 40 inserting the pump head into a patient^s blood vessel; and 

on only one side of the blades 42 and thus the ends 47 of driving the cross-flow pump head with a motor to rotate 

hlades 42 are attached to the inside surface of the single l^;^^" ^^^^^^^^^ 

shroud 40, portion 

In FIG. 5c, a single shroud 40 is utilized and is located ^ ^ method as defined in claim 1, including the step of 

intermediate the ends of blades 42. In the FIG. 5c coupling the pump head to the patient's heart to provide a 

embodiment, the upper portion of blades 42 are equal to the ^^^^.^^ ^^.^^ ^^^^^ 

lower portions of blades 42, although it is understood that it ^ ^ nxQihod as defined in claim 2, including the step of 

may be desirable for the upper and lower portions of the providing a collapsible polymeric outflow tube coupled to 

blades 42 to be unequal in length with respect to shroud 40. 50 ^^^^^ directing the blood from the 

FIG. 6 is another view of the pump housing 32. This view patient's left ventricle to the patient's aorta through the 

more clearly shows the pump outlet port 30 as viewed ^^^^^^ valve, 

through the pump inlet port. 4. A method as defined in claim 2, including the step of 

In FIG. 7 a cross-sectional view of the pump head is 55 positioning both the pump head and the motor within the 

shown with impeller blades 42a that have a flat shape. It is patient's ventricle. 

preferred thai there be between two to sixteen impeller 5 ^ method as defined in claim 2, including the step of 

blades and it is also preferred that the impeller blades 42^7 be positioning the pump head in the patient's ventricle with the 

curved, as illustrated in FIG. 8. In FIGS. 7 and 8, a blood ^jotor being located outside of the patient's ventricle, 

flow path through the pump head is illustrated . It can be seen method for assisting a patient's heart, comprising the 

that the impeller blades rotate tangentially lo the cylindrical gtepg of. 

planes that define the inlet and outlet ports 28, 30. providing a cross-flow pump head having a housing 

In using the blood pump of the present invention, the soft portion defining a blood inlet port on a surface thereof 

collapsible diffuser tube 24 is collapsed about the cross-flow ^5 and a blood outlet port on a surface thereof; 

pump. The cross-flow pump with its coUapsed diffuser tube introducing via the patient's arteries said cross-flow pump 

are introduced through the femoral artery, via an appropriate head having within said housing portion an impeller 
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having aQ impeller blades which rotate about a rota- 
tional axis, with said impeller being located within said 
housing intermediate said blood inlet port and said 
blood outlet port for providing radial blood movement 
from said inlet port, through the impeller blades and 
across said rotational axis to the outlet port, and a motor 
for driving said cross-flow pump head; 
coupling said cross-flow pump head to the patient's heart; 
and 

driving the cross-flow pump head with a motor to rotate 
the impeller and accelerate the blood from the inlet port 
and through the impeller blades within the housing 
portion. 

7. A method as defined in claim 6, including the step of 
providing an outflow tube coupled to said blood flow outlet 
for directing the blood from the patient's left ventricle to the 
patient's aorta through the aortic valve. 

8. A method for assisting a patient's heart, comprising the 
steps of: 

inserting a catheter into a patient's artery; 

introducing through the catheter a cross-flow pump 
including (a) a cross-flow pump head having a housing 
portion defining a blood inlet port on a surface thereof 
and a blood outlet port on a surface thereof, (b) an 


10 


impeller having impeller blades which rotate about a 
rotational axis, said impeller located within said hous- 
ing intermediate said blood inlet port and said blood 
outlet port for providing radial blood movement from 
said inlet port, through the impeller blades and across 
said rotational axis to the outlet port, (c) a motor for 
driving the cross-flow pump head, and (d) a collapsed 
outflow tube coupled to the blood flow outlet; 
locating the cross-flow pump head in the patient's ven- 
tricle with said outflow tube extending into the patient's 
aorta through the aortic valve; 
removing a catheter; and 

energizing the motor to rotate the impeller and accelerate 
J 5 the blood from the inlet port and through the impeller 
blades within the housing portion whereby the blood is 
pumped from the left ventricle to the aorta. 

9. A method as defined in claim 8, including the step of 
positioning both the pump head and the motor within the 

20 patient's ventricle. 

10. A method as defined in claim 8, including the step of 
positioning the pump head in the patient's ventricle with the 
motor being located outside of the patient's ventricle. 
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